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An original bis(iminophosphorane)phosphine NPN ligand was
synthesised and coordinated to Co'. Both the ligand and the
complex were characterised by multinuclear NMR spectroscopy
and X-ray crystallography. The Co'' complex (1.5 mol%) in the
presence of NaOMe (3 mol%) catalyses the hydrosilylation of
olefins within a few hours at 60 °C. Both 1-alkenes and less reac-
tive internal ones built upon a norbornene skeleton were efficien-
tly transformed.

Hydrosilylation of alkenes is of utmost importance for the
blooming organosilicon industry.”* Most of the commonly
used catalysts incorporate Pt® such as the Speier’s* and
Karstedt’s® complexes. They exhibit good activity and high
selectivity in favour of terminal alkylsilanes. However, the high
price and limited availability of this precious metal have
prompted the search for alternative catalysts that employed
more abundant metals. As early as in the 1950s and 1960s, it
was demonstrated that iron,® cobalt,” and nickel® salts or their
carbonyl derivatives ([M(CO),]) could catalyse hydrosilylation
reactions. However, the incorporation of polydentate ligands
has allowed the functional group tolerance to be improved and
the reaction conditions to be milder. Ni, Fe and Co olefin
hydrosilylation catalysts have been reviewed.”™® Most
examples are efficient with 1-alkenes, while the conversion of
disubstituted olefins is much more difficult to achieve.
Examples involving Ni'®™® and Fe'® have been reported.
Regarding cobalt catalysts, only three examples were catalyti-
cally active for such substrates at a temperature between 50 to
80 °C (Scheme 1a). Nagashima reported in 2016 the conversion
of some disubstituted olefins with a Co™ carboxylate in the
presence of isocyanide at 80 °C within a few hours with a
loading of 1 mol%.>° Deng used a NHC Co" precatalyst shown
to transform into a Co' active species that realises the hydro-
silylation of norbornene within 12 h at 60 °C and a range
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of 1-alkenes within 1 day at room temperature.”’ Lastly,
Nagashima described in 2018 an isocyanide Co® complex*?
that transforms norbornene, cyclopentene, and cyclohexene
within 1 day at 50 °C (1 mol%). These examples show the
difficulty of converting internal olefins, but also the lack of
attention paid to such poorly reactive substrates. Noteworthily,
these Co catalysts all feature electron rich ligands (isocyanides
or NHC). Iminophosphoranes represent a class of electron-rich
N-based ligands**>® that have been scarcely employed to
develop catalysts. In particular, few iminophosphorane cobalt
complexes have been reported for ethene polymerisation,”® N,
conversion to N(SiMes);,>” and olefin hydrosilylation®®
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Scheme 1 (a) Cobalt catalysts for the hydrosilylation of internal olefins,
(b) previous examples of iminophosphorane Co catalysts, and (c) tar-
geted complex.
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(Scheme 1b). In the latter example, a series of NNN-Co" com-
pounds showed a modest catalytic ability for the hydrosilyl-
ation of 1-hexene (51% with a 0.5 mol% catalyst loading after
24 h at 50 °C). Based on the idea that the presence of two imi-
nophosphoranes connected to the Co™ centre may increase its
reactivity in hydrosilylation reactions, we designed an original
bis(iminophosphorane) phosphine ligand. Here, we report on
the synthesis of this ligand L and its Co™ complex (1), as well
as the catalytic performance of the complex in the hydrosilyl-
ation of olefins.

For the ligand (L) synthesis (Scheme 2), we relied on the
ortho-lithiation/electrophilic trapping sequence we previously
devised in our laboratory.>®*° The reaction was monitored by
in situ *'P{'H} NMR spectroscopy. Upon addition of two
equivalents of "BuLi in THF, the chosen N-isopropyl substi-
tuted aminophosphonium led selectively to the o-aryllithium
adduct characterised by a singlet *'P resonance at 20 ppm. It
was directly converted to the NPN ligand upon addition of a
half equivalent of PhPCl,. After 3 h, the reaction was finished
as shown by the presence of two singlets in a 2: 1 ratio at —0.4
and —15.5 ppm corresponding respectively to the PV and P™
atoms. During the process equivalents of lithium salts were
generated. At this stage, it proved difficult to efficiently remove
them; repeated washings led to an incomplete elimination.
Therefore, we chose to carry out the metalation and then
proceed to anion exchange and salt elimination. LLi,BrCl was
isolated in 73% yield and characterised by multinuclear NMR
spectroscopy and HR-MS.

&) Ph,

Br ® 7 "BuLi (2 equiv.) \\N’Pr PPhCI; (0.5 equiv.)
PhsP—NHPr—— > ; >
THF THF PhoPX
-78°Ctort. 3 Li -78°Ctort. 3

0 min h
73 %

Scheme 2 Synthesis of NPN ligand L and complex 1.
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Single crystals of L were grown by diffusion of pentane in a
saturated THF solution (Fig. 1A). The ligand exhibits a zig-zag
structure in which the two P=N bonds form an angle of
110.7°. They are of similar lengths (1.5481(12) and 1.5695(13)
A) and typical of iminophosphorane derivatives.*!
Coordination of L to CoCl, was realised in THF. *'P{"H} NMR
monitoring of the crude mixture showed the loss of the P reso-
nances because of the paramagnetism of the formed Co"
adduct. Complex 1 was isolated as a bright green solid in 74%
yield after ligand exchange with KPFs and washing with THF
and Et,O solutions. It was characterised by '"H NMR spec-
troscopy, HR-MS, and elemental analysis. Its magnetic
moment was measured in solution at 4.31 up corresponding to
a total spin of 3/2.>>*3 This value is almost identical to those
we recently reported for NNN iminophosphorane Co" com-
plexes.*® Single crystals of 1 were grown by diffusion of
pentane into a concentrated dichloromethane solution. The
obtained structure is shown in Fig. 1B. A partial exchange
between chloride and bromide was observed (Cl: Br = 76/24).
In 1, the cationic cobalt centre is coordinated to L in a x°
mode and to the halide. It presents a tetrahedral geometry (z,
= 0.99).* Both P-N bonds exhibit similar lengths; they are
slightly longer than in L (~1.61 A) which is related to the
reduced negative hyperconjugation from N to P due to coordi-
nation. There is a slight difference in the Co-N bond lengths,
Co1-N2 being slightly longer than Co1-N1. Both are longer
than those reported by Masuda and Fryzuk for the PNN
cobalt(i) complex precursor of the Co' catalyst shown in
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Fig.1 ORTEP plot of L (A) and 1 (B). Hydrogen atoms and the counter anion were omitted for clarity. Thermal ellipsoids were drawn at a 50% prob-
ability level. Selected bond lengths (A) and angles (°): L P1-N11.5481(12), P2-N2 1.5695(13) P1-C1 1.8061(15), P2—-C14 1.8252(15), P3—C2 1.8604(15),
P3-C13 1.8679(15), N1-P1-C1 107.54(7), C2-C1-P1 123.44(11), C1-C2-P3 122.15(11), C2-P3-C13 101.27(6), C14-C13-P3 121.48, N2-P2-C14
106.79(7); 1 P1-N1 1.619(2), P2—N2 1.610(5), P3-Co1 2.3600(9), N1-Col 1.973(2), N2—-Co1 2.018(2), P3-C13 1.834(3), P3—C2 1.840(3), N1-Co1-P3
98.46(7), N2—Col1-P3 99.81(7), N1-P1-C1 113.09(13), N2—-P2-C18 115.58(12), P1-N1-Co1 123.62(13), P2-N2-Co1 115.28(14).
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Scheme 1b.”” The Co-P bond length is also longer compared
to the same reference (2.3600(9) vs. 2.3270(8) A) which denotes
a looser coordination of the phosphine to the Co™ centre.
Because of the formation of the metallacycle, the P3-C2 and
P3-C13 bonds are shortened compared to the free ligand.

The catalytic ability of 1 for olefin hydrosilylation was inves-
tigated. Transformation of internal olefins was first targeted
because of the few efficient Co catalysts reported for such sub-
strates. The optimisation study was thus conducted with nor-
bornene (Table 1). The conversion and yield were determined
by 'H NMR spectroscopy, using trimethoxybenzene as the
internal reference. The reaction was initially conducted in THF
at 25 °C (concentration 2 M) with one equivalent of silane,
1.5 mol% of 1, and 3 mol% of sodium methoxide as an addi-
tive (Table 1, entry 1). We were pleased to observe the for-
mation of the silane in 65% yield within 6 h. Heating the reac-
tion mixture at 60 °C led to an improved NMR yield of 71%
(entry 2). Substituting THF with toluene as the solvent led to a
comparable NMR yield (entry 3). Changing for acetonitrile was
detrimental (Table S2, entry 1). Upon heating the reaction
mixture in toluene to 110 °C, an excellent yield of 90% was
obtained (entry 4). However, at 60 °C in THF at a higher con-
centration (3 M) the yield was even better (98%, entry 5). Using
THF (3 M) at 60 °C, the nature of the additive was then modi-
fied (Table 1, entries 6-10). The reaction was less efficient with
most of the additives tested (sodium isopropoxide, potassium
triethylborohydride, cesium carbonate); only potassium tert-
butoxide and ammonia borane gave excellent yields (88 and

Table 1 Optimisation of the hydrosilylation reaction conditions® with
the optimised conditions in bold

1 (1.5 mol%) SiHPh,
it 0,
@ . SiH,Ph,_Additive (x mol%) ®/
solvent (M),

3a T("C),6h 4a
Solv. T Additive Conv.”  vield*
Si-H (x M) (°C)  (mol%) (%) (%)
1 Ph,SiH, THF(2) 25  NaOMe (3) 66 65
2 PhSiH, THF(2) 60  NaOMe (3) 71 71
3 PhSiH, Tol(2) 60  NaOMe (3) 67 67
4  PhySiH, Tol(2) 110 NaOMe (3) 92 90
5 PhSiH, THF(3) 60  NaOMe (3) 98 98
6  PhSiH, THF(3) 60  NaO'Pr(3) 80 80
7  Ph,SiH, THF(3) 60  ‘BuOK (3) 88 88
8  PhSiH, THF(3) 60  Cs,CO;(3) 25 24
9  Ph,SiH, THF(3) 60  KHBEt;(1.5) 20 20
10 Ph,SiH, THF(3) 60  NHBH;(3) 92 92
11 PMHS THF (3) 60  NaOMe (3) 5 ?
12 SiH(OEt); THF(3) 60  NaOMe (3) 7 e

“Reaction conducted with norbornene (1 mmol) in the presence of 1,
trlmethoxybenzene (0.07 mmol) as the reference, silane (1 mmol) and
additive for 6 h. ? Determined by NMR by using the integration of the
singlet at 4.92 ppm for SiH,Ph, relative to the CH aromatic resonances
of the reference at 6.10 ppm. “ Determined by NMR by using the inte-
gration of the doublet at 4.72 ppm for C6H1181HPh2 relative to the CH
aromatic resonances of the reference at 6.10 ppm. ?Yield could not be
determined.
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92% respectively) but lower than sodium methoxide.
Moreover, changing the amount of this additive only margin-
ally impacted the yield (Table S2, entries 2 and 3), so the study
was continued with 3 mol%. Finally, the nature of the silane
was changed, only silanes less expensive than Ph,SiH, (poly-
methylhydrosiloxane (PMHS) and triethoxysilane) were evalu-
ated. Very low conversions were observed in these cases
(entries 11 and 12). Having established the optimal conditions
(Table 1, entry 5), we verified that the reaction does not
proceed in the absence of the catalyst, additive, or ligand
(Table S2, entries 4-7). With the established conditions
(Table 1, entry 5), we examined the scope of olefins
(Scheme 3). Internal olefins with a norbornene scaffold were
efficiently converted into the corresponding silanes (3a-d). 3a
exhibits only one doublet corresponding to the SiH proton in
its "H NMR spectrum, showing the selective formation of the

R 1 (1.5 mol%) R

R1
2& + SiH,Ph, NaOMe @mol%) _ SiHPh, + J<S|HPh2
R THF, 60°C R R?
2 3 H 3
SiHPh,
. e
3a/6h 3b/6h 3¢/6h
99 (88)2 62 (59)2 83 (76)°
SiHPh,
E)/ E>—SiHPh2
3d/6h 3e/72h
723 cd 35b C
SiHPh SiHPh
@ SiHPh, /©/Q; iHPh, /©/H; 2
3f/2h 3g/2h 3h/3h
100 (90) 95 (91) 92 (90)
CgH47SiHPh, C1oH21SiHPh, CgH13SiHPh,
3i /10h 3j/4h 3k/4h
87 (67) 95 (73)2 88 (71)2
o)
Ph,HSi H SiHPh P Ph,HSi
2MS! A2 1N SiHPh, 2 4
Ot N siHe, oy
31/18h 3m/6h 3n/3h
77 (66)° 100%° 742¢

. iHPh
fiHth ek ik
4

Bu Cl

30/0'/ 14 h
88 (78, 19:1)2¢

3plp'/ 14 h
93 (88, 21:1)2¢

3q/q'/6h
86 (81, 20:1)2¢

Scheme 3 Scope of the catalytic hydrosilylation of olefins with 1. NMR
yield using trimethoxybenzene as the internal reference is given with the
isolated yield specified into brackets. ? Reaction conducted with the
olefin (1 mmol) in the presence of 1 (0.015 mmol, 1.5 mol%), trimethoxy-
benzene (0.07 mmol) as the reference, SiH,Ph, (1 mmol) and NaOMe
(0.03 mmol, 3 mol%) for the specified time at 60 °C in THF (3 M). ®The
same conditions but with 1 (0.03 mmol, 3 mol%) and NaOMe
(0.06 mmol, 6 mol%). < The product could not be isolated. “ The NMR
conversion is 100% and side products are also formed. * NMR yield and
isolated yield correspond to the mixture of linear (4) and branched (4')
products (4 : 4).
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exo adduct. For 3d, four doublet SiH resonances were observed
by '"H NMR; but the major one at 4.82 ppm corresponds to the
exo product that forms in 72% yield (the three other silanes
being formed in a global yield of 28%). Note that the hydro-
silylation of norbornene with low valent Co catalysts was not
as selective, because the endo product was also observed.>* For
3b and 3¢ two doublet resonances corresponding two different
SiH protons were observed, pointing towards the formation of
both regioisomers that could not be separated. The hydrosilyl-
ation of cyclopentene (2e), cyclohexene, or gem-disubstituted
olefins (Scheme S1) proved more difficult. Increasing the cata-
lyst loading and/or extending the reaction time led to minor
improvements. Only 3e was formed in 35% yield with 3 mol%
catalyst after 3 days. Then we evaluated the catalytic capacity of
1 with terminal olefins. Linear aliphatic silanes formed selec-
tively and efficiently. Allylbenzene derivatives were converted
in excellent yields within 2 or 3 h. In the presence of a donat-
ing substituent para to the allyl group (2h), the reaction was
only marginally less rapid and efficient than when an acceptor
substituent was present (2g).

For a longer alkyl chain, hexene and decene (2j-k) were
more reactive than octene (2i); a NMR yield around 90%
required only 4 h from the former compared to 10 h from the
latter. Note that low valent cobalt catalysts previously
mentioned*®>* are generally less efficient for this type of sub-
strate or require a longer reaction time to reach good yields
because of competitive alkene isomerisation and dehydrogena-
tive silylation. For 1, a good functional group compatibility
was observed: amine, ester, ether, and halide were well toler-
ated. However, cinnamonitrile was not converted (Scheme S1)
presumably because of the poisoning effect of the nitrile onto
the catalyst. Lastly, styrene derivatives (30-q) were converted in
high yield and excellent selectivity into the linear silane pro-
ducts (>94%).

The performances of complex 1 regarding the hydrosilyl-
ation of norbornene derivatives are remarkable for such a
cobalt(n) complex with a rather rigid tridentate ligand.
Therefore, we verified that the process is homogeneous by con-
ducting the hydrosilylation of norbornene in the presence of a
mercury drop. The expected silane was obtained in 89% yield
(Fig. 10).

In conclusion, the cobalt complex 1 with an original NPN
bis(iminophosphorane)phosphine ligand was shown to be an
excellent catalyst for the hydrosilylation of olefins. Terminal
olefins were efficiently and selectively converted. Styrene
derivatives were also hydrosilylated with high selectivity. But
the most astonishing performance concerns norbornene
scaffolds. Such catalytic ability is unprecedented with a cobalt
(1) complex and encourages us to continue exploring other
catalytic reactions.
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